Abstract: We report a levitation-induced vibration energy harvester based on a double-repulsion configuration in the moving magnet composite. Computational modeling clearly illustrated the advantages of the double-repulsion configuration over the single-repulsion and no-repulsion configurations. Double-repulsion configuration provided the best dynamics (displacement and velocity) and output response (voltage). Based on the modeling results, an AA battery-sized harvester with the double-repulsion configuration was fabricated. The harvester exhibited high power response at low frequencies (12.9 mW at 1g and 16 Hz) and also exhibited a high normalized power density at low excitations (15.33 mW cm −3 g −2 at 0.25g and 13 Hz). The harvester was used to charge a cellphone at 4.7 V DC.
Introduction
Vibration-based energy harvesting devices are typically designed to scavenge mechanical energy from sources such as heavy machinery, railways, trucks, bridges, and ships. These natural sources typically vibrate at low excitations, below 0.5g (where 1g ¼ 9.8 m/s 2 ), and low frequencies, below 20 Hz (Singh et al. 2012 ). Piezoelectric cantilever-based devices have recently become popular for harvesting energy from vibrations (Aktakka, Peterson, and Najafi 2011; Qi et al. 2012; Zhou, Apo, and Priya 2013) .
However, these devices present a fundamental challenge when designed for small-scale applications, since the resonance frequency of the structure increases as the dimension decreases Priya 2013, 2014) . Thus, most currently reported cantilevers operate at frequencies higher than 50 Hz (Marin, Bressers, and Priya 2011) . Furthermore, cantilever-based devices are generally devoid of broadband behavior at their resonance frequencies, therefore limiting their capability outside the resonance region (Mann and Sims 2009) . A promising solution for low frequency-low excitation energy harvesting is the development of magnetic levitation systems. These systems exhibit nonlinear stiffness profile due to the repulsive force between magnetic poles that varies as the square of the distance between them. The nonlinear stiffness profile in turn results in nonlinear frequency response which allows harvesting more power in a broader range of frequencies when compared with the linear frequency response observed for most of the piezoelectric devices. Several studies have identified broadband response and high power response from different forms of nonlinear magnet-based energy harvesters. A small subset of these studies (Dallago, Marchesi, and Venchi 2010; Mann and Sims 2009; Saha et al. 2008) have reported a more direct method of harvesting energy by magnetic levitation of a magnet (or magnet composite) between two stationary magnets placed in a repelling direction to the magnet composite. Tornincasa et al. (2012) analyzed this configuration for energy scavenging in automotive tires. Marin et al. have conducted considerable work in this field with the development of a pen harvester (Marin et al. 2012 ) and a broadband system (Marin et al. 2013) .
The literature on magnetically-levitated energy harvesters has not addressed the design of efficient magnet and coil configurations which would maximize the power output at low frequencies. In this study, we present a levitation-induced vibration energy (LIVE) harvester that incorporates a double-repulsion magnet composite levitated between two stationary magnets. The coil configuration was designed to target the regions of high magnetic flux density around the moving magnet composite. Finite element modeling and mathematical modeling were used to analyze the force field, magnetic flux, dynamics, and output response of the harvester. The models were also used to identify the advantages of the double-repulsion configuration over other possible configurations. Lastly, an AA battery-sized harvester was designed, fabricated, and tested based on the modeling results. The harvester was found to exhibit significantly high power density across different frequencies and base excitations. The harvester was also used to charge a cellphone via an external circuit.
Design, fabrication, and testing
The harvester configurations modeled in this study are shown in Figure 1 . The design of the harvester fabricated and characterized is shown in Figure 1c and d. As shown in this figure, a magnetic ring composite was levitated by placing it in a repelling configuration between two stationary disk magnets in a tube with 14 mm outer diameter (od), 10.5 mm inner diameter (id), and 40 mm height. The properties of the harvester components are listed in Table 1 . The magnets were designed from NdFeB N42 type material and were obtained commercially (K&J Magnetics, USA). It was important to ensure that the stationary magnet diameter was greater than the inner diameter of the moving magnet composite to prevent magnetic attraction at high displacement amplitudes where the moving magnet composite comes in close vicinity to the stationary magnets.
As shown in Figure 1c , the fabricated moving magnet composite was composed of a unique double-repulsion configuration in which three magnets (each with dimensions 9.5 mm od Â 3.2 mm id Â 4.8 mm height) were assembled with repelling poles and separated with carbon steel rings (dimensions 9.5 mm od Â 3.2 mm id Â 0.5 mm height). The reason for the double-repulsion design was to create two strong regions of high magnetic flux density (B-field). Two coil segments, each with dimensions of 14 mm od Â 11 mm id Â 4.8 mm height, were wound around the tube in opposite directions and aligned with the regions of high B-field around the moving magnet composite. This magnet and coil configuration ensures effective use of the coils and the absence of the constant zero voltage regions (magnet outside the coil area, or cancellation effects) during operation since the coils have the same height as one of the magnets in the levitating composite and the coils were wound in opposite directions. Also, the spacing between the coils equals the height of one carbon steel ring in the moving magnet composite. The center pole which guides the moving magnet composite is essential for limiting the friction. Reduction in friction can be obtained by ensuring the moving magnet composite is always concentrically located within the device thus longitudinally aligning its axis with those of the coils and stationary magnets. The moving magnet composite was assembled using Loctite epoxy (Henkel Corp., USA) and clamped together for two days to allow the epoxy set properly. The copper coils were wound in two segments with each segment being wound in a direction different from the other and each having 2,800 turns of coil. The total coil resistance was measured to be 2,800 Ω implying an average of 0.5 Ω per turn. The coil wire had a resistance of 14.43 Ω/m and a diameter of 44 μm. The moving magnet composite was assembled by bonding the stationary magnets to the tube caps using epoxy. The LIVE harvester was tested with a standard energy harvesting setup as shown in Figure 2 . A SigLab box was connected to a computer and was used as an input for an accelerometer (attached to the shaker), a laser vibrometer (pointed at the moving magnet composite), and a resistance box (to supply load resistance). The SigLab also provided the voltage response recordings from the harvester.
Modeling
A finite element model (ANSYS v14) was used to obtain the force field (solid 236 elements) and magnetic flux (solid 96 elements), while a mathematical model was used to simulate the dynamics and voltage response of the harvester. The dynamics of the oscillating moving magnet composites in the three different configurations were mathematically modeled by using a nonlinear spring-mass-damper mechanical system with an externally applied base excitation given as:
where m is the moving magnet composite mass, c m is the mechanical damping constant, c e ðtÞ is the instantaneous electrical damping, k is the linear stiffness constant of the spring, k 3 is the nonlinear stiffness constant of the spring, € z t ð Þ is the relative acceleration between the base of the structure € yðtÞ and the vibrating mass € xðtÞ, g is the gravitational constant, ż and z are the velocity and displacement of the moving magnet composite respectively. The Figure 2 The fabricated LIVE harvester with double-repulsion configuration: (a) beside an AA battery and (b) in a vibration testing setup acceleration of the vibrating mass € xðtÞ includes the moving magnet and the base of the structure also, i.e. zðtÞ ¼ xðtÞ À yðtÞ. Thus, the value of z defines the vibration of the moving magnet only. Gravitational force is normally included in the analysis of vibrating nonlinear systems (unlike linear systems) to account for the nonlinear stiffness constant (Zavodney and Nayfeh 1989) . The nonlinear mathematical spring refers to the repulsion between the moving magnet composite and the stationary magnets, and it is related to the instantaneous magnetic repulsion force (F) and the moving magnet displacement by:
This relationship is shown for all three moving magnet configurations in Figure 1e . It can be seen that the double-repulsion configuration is the least stiff of all the three configurations and that the stiffness of the system (value of k) decreases as the number of magnets in the moving magnet composite increases (with the overall moving magnet height remaining the same). The stiffness terms were estimated by fitting the computational data with a third-order nonlinear polynomial curve as described by eq.
[2]. Furthermore, it is clear from the stiffness relations that the configuration of the moving magnet composite contributes significantly to the stiffness of the entire system. This can be seen from the static magnetic force relation between two repelling cylindrical magnets which is estimated as:
where FðdÞ is the static repulsion force between the magnets, μ 0 is the permeability of the medium between the magnets, M is the magnetization of the magnets, A is the surface area common to both magnets, r is the radius of the magnet with the smaller diameter, h is the average height of the two magnets (or magnet composites) involved, and d is the distance between the magnets. Therefore, the repulsion force of the moving magnet composite toward the stationary magnets is smallest in the double-repulsion configuration since the limiting factor as shown in eq.
[3] is the magnetization (M) between the two magnets involved (and magnetization varies with size). For example, the magnetization of the top stationary magnet in the double-repulsion configuration is caused mainly by the top magnet in the moving magnet composite. In order to solve the dynamic system, the damping terms, c m and c e , were obtained and added to the model. The mechanical damping constant is defined by:
where ζ m is mechanical damping ratio. The damping ratio can be empirically determined by measuring the amplitude of displacement decay after the moving magnet composite was initially displaced from its rest position. This approach assumes a linear decay and therefore allows the damping ratio to be obtained from:
where A 0 is the first amplitude of motion, and n is the decaying cycle. The damping ratio was calculated as 0.047. The electrical damping was estimated from:
where BðtÞ is the instantaneous magnetic flux density, l is the length of coil, R e is the total coil resistance, and R l is the optimum coil resistance. The B-field values apply to the instantaneous B-field region cutting through the coil. The values of coil length and resistance for the model were based on the configuration in Figure 1d using a coil factor of 0.54. The coil factor is the volume fraction of the coil compartment that is actually occupied by the coil. The total load resistance obtained was 2,900 Ω, and the optimum coil resistance applied was 4,000 Ω. The mathematical model was also used to predict the output response of the harvester by discretizing the coil volume and applying looping forms of the equations below:
where n is the number of discrete points applied.
Results

Modeling results
The predicted displacement amplitudes across different frequencies at 0.25g base excitation are shown in Figure 3 . As shown, the effects of gravity and stiffness were evident in the rest position (mean displacement) of the moving magnet composites. The rest position increased downward as the moving magnet composite was modified from no-repulsion to double-repulsion. However, the maximum amplitude of displacement at resonance was less in the downward direction when compared with the upward direction across all configurations. This was more pronounced in the double-repulsion configuration, and it was due to the difference in the instantaneous repulsion force between the moving magnet composite and the stationary magnets as described in eq.
[3] (because of the rest position of the moving magnet composite). Overall, the double-repulsion configuration exhibited the highest displacement amplitude at resonance. The predicted resonance frequencies across all configurations showed a decreasing pattern from no-repulsion to double-repulsion as shown from their velocity profiles (at 0.25g base excitation) in Figure 4a . The decrease was more pronounced between the no-repulsion and single-repulsion configurations. The average values of radial magnetic flux (B-field) around the moving magnet composites are shown in Figure 4c . The sampled cross-sectional area was between 14 mm od and 11 mm id to specifically target the "shedding" region of the magnetic flux, and the radial B-field was analyzed across 24 mm height. The location of the coil was limited by the fact that the moving magnet composite required radial spacing to vibrate vertically without significant friction from the tube. As seen from the figure, the no-repulsion configuration has the weakest B-field profile. The singlerepulsion configuration has one strong B-field region, but the most efficient (or optimized) height of the coil compartment for the single-repulsion configuration cannot be as easily determined as in the double-repulsion case. This is because the height of each coil segment in the doublerepulsion case must equal the height of one magnet in the moving magnet composite to avoid voltage cancellation effects. The double-repulsion configuration has two strong B-field regions which can be targeted by two coil segments placed close to each other (and wound in opposite directions) thus creating an efficient coil/magnet configuration. Small-sized LIVE harvesters require small magnet thicknesses and can be difficult to fabricate, thus imposing a limitation on the number of magnets in the moving magnet composite. It is possible to increase the number of magnets in the moving magnet composite (for large harvesters), but such increase would cause a decrease in the magnetic flux density and shift the regions of strong magnetic field (due to repulsion) toward the moving composite and away from the coils, thus severely decreasing the energy harvesting potential of the device.
As seen in the magnetic flux profile, the summation of the magnetic flux values (when the moving magnet is at its rest position) produced a net value only in the single-repulsion case. As a result, the electrical damping term (as outlined in eq. [6]) impacted the single-repulsion configuration significantly more than the no-repulsion and double-repulsion configurations. Moving magnet composites with an even number of magnets will be affected by a higher electrical damping than those with an odd number of magnets. However, the electrical damping effect reduces as the number of magnets in the moving magnet composite increases (for even number composites). The negative impact of the electrical damping is shown in the velocity profile (Figure 4a ). The resonance frequency of the single-repulsion configuration was significantly reduced, but the velocity was also negatively impacted by the electrical damping. The velocity was thus highest in the doublerepulsion configuration therefore suggesting a higher voltage response for the same amount of coil around the magnets. The velocity was crucial in estimating the voltage (V) and power (P) response as expressed in eqs [7] and [8] . The voltage increases with velocity while the power response varies with the square of the velocity. Again, the B-field values used to obtain the voltage and power response applies to the instantaneous B-field region cutting through the coil. The predicted values of the root-meansquare (RMS) voltage showed similar trends when compared with the velocity profile, therefore validating the effect of the electrical damping term, and the linear relationship between velocity and the B-field.
From the modeling results, some important factors for optimum LIVE harvester performance (for a given tube size) were observed as listed in Table 2 . Low frequency, increased displacement, and velocity can all be attained by increasing the repulsion configuration (to doublerepulsion) in the moving magnet composite. Also, decreasing the ratio of moving magnet size to stationary magnet size would positively impact the dynamics of the harvester. For the voltage and power response, the coil should be placed strategically to target the regions of high B-field and also adjusted for the rest position of 
Experimental results
A load optimization test was conducted by applying a varying load resistance to the coil and monitoring the RMS voltage and power response as shown in Figure 5a and b. The optimum load resistance was approximately 3,800 Ω, and it was applied via a resistor for the output response experiments. From the plots of the closed circuit RMS voltage and power variations shown in Figure 5c and d, the harvester exhibited a broadband response across a wide range of base accelerations. The resonance frequencies were approximately 13 Hz at 0.25g, 14.03 Hz at 0.5g, 15.05 Hz at 0.75g, and 16 Hz at 1g. Thus, the increase in base acceleration caused a slight increase in the resonance frequency. Also, the RMS voltage output values were approximately 4.7 V at 0.25g, 6.1 V at 0.5g, 6.75 V at 0.75g, and 7 V at 1g. The voltage response was therefore significantly greater than the 1.5 V produced at peak non-depleted performance by a standard AA battery. In comparison with the modeling results shown in Figure 4b , the experimental voltage response at 0.25g was consistently within 7% error. The only exception was at resonance where the sharp voltage peak in the model was not captured experimentally. The experimental RMS power response behaved in the same way as the voltage response. The harvester produced an RMS power output of 5.9 mW at 0.25g, 9.7 mW at 0.5g, 12 mW at 0.75g, and 12.9 mW at 1g. The LIVE harvester was also compared with current state of the art electromagnetic harvesters as shown in Table 3 . For low-frequency energy harvesting, the harvester exhibits comparatively high power output with increasing base excitation (12.9 mW at 1g and 16 Hz). However, the normalized power density is significantly higher than similar electromagnetic harvesters, especially at low base excitation (15.33 mW cm −3 g −2 at 0.25g and 13 Hz). 5,000 2,500 3,000 3,500 4,000 4,500 5,00 
Charging a cellphone
To provide insight into the capability of the harvester for energy harvesting from human motion (such as running, walking, and hand movements), the harvester was shaken by hand to generate the voltage. The harvester was first tested by connecting it to the SigLab setup (Figure 6a ), and the voltage response was recorded as shown in Figure 6b . The raw alternating voltage from the harvester had maximum amplitude of 14 V, and the Figure 6c shows the external charging circuit designed for the harvester. It was built and used to supply constant 5 V DC and 500 mA to charge a cellphone via hand motion as shown in Figure  6d . The circuit was designed to convert AC to DC voltage and supply the DC voltage to the cellphone when it is within the range of 5 V AE 0:4 V.
Conclusions
An AA battery-sized harvester was modeled, fabricated, and tested. The harvester employed a double-repulsion configuration in the moving magnet composite which allowed for easy coil/magnet optimization. The doublerepulsion configuration exhibited the lowest frequency, the highest displacement amplitude, and the largest velocity when compared to the no-repulsion and single-repulsion configurations. Furthermore, the double-repulsion configuration exhibited two strong regions of high magnetic flux which enabled efficient coil placement and significant voltage output. The double-repulsion LIVE harvester was found to exhibit RMS power output values of 5.9 mW at 0.25g and 12.9 mW at 1g. The harvester was also used to power a cellphone by supplying constant 4.7 V when shaken by hand.
